The ability to observe the effects of rapidly and reversibly regulating cell activity in targeted cell populations has provided numerous physiologic insights. Over the last decade, a wide range of technologies have emerged for regulating cellular activity using optical, chemical, and, more recently, electromagnetic modalities. Electromagnetic fields can freely penetrate cells and tissue and their energy can be absorbed by metal particles. When released, the absorbed energy can in turn gate endogenous or engineered receptors and ion channels to regulate cell activity. In this manner, electromagnetic fields acting on external nanoparticles have been used to exert mechanical forces on cell membranes and organelles to generate heat and interact with thermally activated proteins or to induce receptor aggregation and intracellular signaling. More recently, technologies using genetically encoded nanoparticles composed of the iron storage protein, ferritin, have been used for targeted, temporal control of cell activity in vitro and in vivo. These tools provide a means for noninvasively modulating gene expression, intracellular organelles, such as endosomes, and whole-cell activity both in vitro and in freely moving animals. The use of magnetic fields interacting with external or genetically encoded nanoparticles thus provides a rapid noninvasive means for regulating cell activity.
T ools that allow targeted control of cell activity have proven invaluable for understanding the role of defined cells in regulating biological processes. These technologies often combine engineered ion channels or receptors with external actuators such as light, ligands, or electromagnetic fields to regulate cell activity and function. Each technology has a distinct set of features that can be used to tailor their application to particular questions.
One of the most widely used tools for neuromodulation is optogenetics, the use of lightresponsive ion channels, such as channel rhodopsin, expressed in defined cells to control their function (Kim et al. 2017) . Channel rhodopsin, a modified light-gated channel from chlamydamonas (Nagel et al. 2003) , is usually delivered to defined regions or cell populations in vivo, either by targeted injection of viral vectors or by mating Cre-expressing transgenic mice to other mice with Cre-dependent expression of channel rhodopsin ). Channel rhodopsin and its derivatives are gated by light. The timescale for activation is very rapid, usually milliseconds, and this allows patterns of light to be used to deliver patterned neural activity such as burst firing (Boyden et al. 2005) . Since its initial description, a wide range of modified channels have been developed that react to different wavelengths of light, over a range of timescales, can transiently or stably activate cells, can inhibit cell activity, and enable optogenetic control of intracellular signaling via light-activated, modified G-protein-coupled receptors (Zemelman et al. 2003; Zhang et al. 2007; Berndt et al. 2009; Packer et al. 2012) . The constructs can be directed to defined cell populations and because there is minimal light scatter and tissue penetration (Melo et al. 2001) , light can precisely target cell bodies or projections within anatomically defined areas (Petreanu et al. 2007 ). However, this also means that light needs to be delivered to deeper structures using a fiber optic implant. Only local populations adjacent to the optical fiber will receive sufficient light to regulate activity and the use of optogenetics to modulate the activity of cell populations dispersed over a wider region or in multiple sites is thus more challenging. Secure positioning of the optical fiber in freely moving animals can also be difficult in more mobile regions such as the spine or to modulate peripheral nerves. In addition, light needs to be delivered to the implanted fiber either via an optical cable that tethers the animal or a head-mounted light source (Dagnew et al. 2017) . For some studies, tethering or handling the animal to attach a light source can interfere with the behavior being assessed. So, for some applications, alternative methods to regulate cell activity have potential advantages.
Chemogenetic tools are also widely used for activation or silencing of cell activity (Sternson and Roth 2014) . Initially, chemogenetics used insect channels gated by ivermectin but more recently less toxic drugs have been used to modulate cell activity (Frazier et al. 2013) . These technologies use ion channels (Lerchner et al. 2007; Magnus et al. 2011) or G-protein-coupled receptors (Nawaratne et al. 2008; Alexander et al. 2009 ) that are modified to respond to an otherwise inert compound. In some cases, the channels can be further engineered so that they no longer respond to their natural ligand. The modified channels or G-protein-coupled receptors are genetically targeted to defined tissues in vivo either by viral injection or crossing Cre-expressing transgenic mice with a transgenic mouse line in which expression of the chemogenetic tool is dependent on expression of the Cre recombinase (Alexander et al. 2009 ). The chemogenetic channel or receptor can then be activated by injection of its ligand allowing temporally controlled, targeted cell activation, or silencing. There is a growing range of chemogenetic tools: cation channels that gate sodium or calcium ion entry are used for cell activation while chloride channels can be used for cell silencing (Magnus et al. 2011) . Similarly, G-protein-coupled receptors that are linked to Gi, Gq, or Gs can be used to activate or silence cells. In contrast to optogenetics that is limited to discrete anatomic regions by light dispersion, chemogenetic tools can be used to target dispersed cell populations. In addition, animals do not need to be tethered during assessment. Alternatively, either the channels or agonists can be delivered locally to provide anatomic specificity (Arenkiel et al. 2008) . However, while the time course of activation using chemogenetics is rapid enough to unequivocally establish a biologic response, the time course is much slower than the millisecond activation of optogenetics. Thus, in some cases, correlating physiological changes to neural activity can be more challenging when using chemogenetics and it is not possible to effect changes in the pattern of neural activation (Nawaratne et al. 2008) . The ligands need to be administered a short time before assessing their effects and, in some circumstances, the drug or their metabolites can alter the behavior or physiological role being examined as a result of offtarget effects. However, the durable effect of drugs makes chemogenetics especially well-suited for assessing the chronic effects of modulating cell activity. Overall, optogenetic and chemogenetic tools are suitable for a wide range of applications; however, alternative approaches that would allow the rapid regulation of cell activity in freely moving animals could prove useful in some experimental settings including clinical situations. Systems that use electromagnetic signals to regulate cell activity have many of these features and are reviewed below.
ELECTROMAGNETIC CONTROL OF CELL ACTIVITY
Electromagnetic fields can penetrate tissue and in birds and other animals will guide migration, although the precise mechanism is unknown (Freake et al. 2006 ). More recently, it has been shown that electromagnetic fields can be used to regulate the activity of cells in proximity to external metal nanoparticles (Huang et al. 2010; Chen et al. 2015) , or that express genetically encoded intracellular metal nanoparticles (ferritin) (Stanley et al. 2015; Wheeler et al. 2016; Duret et al. 2017; Hutson et al. 2017) . In both cases, the particles transduce electromagnetic fields that gate ion channels, although the field strength that is required is much larger than that required for magnetic sensing by biologic systems. Unlike other effectors such as light or ligands that need to be delivered directly via implants or injections, electromagnetic fields freely penetrate tissue with minimal absorption and can thus be delivered remotely (Stauffer et al. 1984) . Indeed, magnetic fields of sufficient strength to gate the channels are in common usage for noninvasive imaging by magnetic resonance imaging (MRI) (Setsompop et al. 2016; Stanley et al. 2016) . Electrogmagnetic fields are also used in clinical practice to program cardiac pacemakers (Halperin et al. 2008) and for the treatment of depression by transcranial magnetic stimulation (TMS) (Kedzior et al. 2015) . The combination of electromagnetic fields and nanoparticles to modulate cell function may, in time, allow new bioelectronic therapeutic applications.
EXTERNAL MAGNETIC PARTICLES TO EXERT A MECHANICAL FORCE

Mechanical Stimulation
Many studies have used magnetic fields with magnetic nanoparticles (MNPs) attached to the cell membrane or to a specific protein to apply a mechanical force. Moreover, differences in the strength of the applied field and the specific properties of the particles allow carefully titrated and rapid changes in the applied force. These techniques were first used almost 70 years ago to assess the physical characteristics of cytoplasm, in particular its viscosity and elasticity (Crick and Hughes 1950) . This and other early studies established the use of exposing magnetic particles to an external magnetic field in biologic systems to rapidly and reversibly apply a graded force. The method was also adapted, in some cases, to produce local changes in the force applied and the ability to apply high forces for bending or twisting (Crick and Hughes 1950) .
In recent years, numerous studies have used MNPs and magnetic fields to control cell activity by targeting the particles to cell-surface receptors. The particles can be targeted by coating the particles with antibodies directed to cell-surface receptors (Stanley et al. 2012) , or specific membrane proteins (Munshi et al. 2017) , or by addition of specific ligands, such as biotin, to the nanoparticle surface that interacts with modified cell-surface receptors expressing the binding partner such as streptavidin (Seo et al. 2016) . Magnetic particles of a Zn-doped ferrite core and plasmonic gold shell functionalized with benzylguanine were targeted to individual SNAP-tagged Notch receptors or E-cadherin (Fig. 1 ). An applied magnetic field localized the Notch receptors to a specific subcellular location and 9 pN forces on the receptor-initiated receptor signaling. For E-cadherin, low forces (2 pN) to cluster the molecule initiated F-actin assembly, which was then stabilized by higher forces (9 pN) (Seo et al. 2016) . A similar mechanism was used to mechanically deflect and activate inner ear hair cells by targeting MNPs to endogenous membrane glycoproteins. Cubic MNPs (Zn 0.4 Fe 2.6 O 4 ) conjugated to concanavalin A were bound to glycoproteins on hair bundles and a pulsed magnetic field applied to induce movement of the hair bundle (Fig. 2) . Magnetic field displacement of the hair bundle increased intracellular calcium, indicating activation of the hair cells (Lee et al. 2014) . Magnetic activation of endogenous receptors has also been applied to enhance stem cell differentiation. MNPs functionalized with UM206, a synthetic ligand for Wnt receptor, were used to mechanically activate the receptor (Rotherham et al. 2018 ) that, in turn, increased bone mineralization in chick femurs ex vivo. Magnetic field treatment of stem cells treated with MNPs targeting the mechanosensitive TREK-1 channel using anti-TREK Ab, or to the Arg-Gly-Asp (RGD)-binding sites of integrins also increased bone mineralization in vitro and ex vivo (Henstock et al. 2014 ).
Other studies have used MNPs to examine the role of mechanical force on neurons. Tay et al. (2016) incubated starch or chitosan-coated MNPs that were endocytosed by cultured cortical neurons and found that, in a magnetic field, a mechanical force in the piconewton range was exerted on the neurons and increased intracellular calcium. They also found that the signal increased with longer exposures to the magnetic field treatment and the calcium signal was propagated along neurites. This magnetically induced calcium signal was insensitive to temperature changes but blocked by ω-conotoxin GVIA, an inhibitor of mechanosensitive Ntype calcium channels. MNPs have also been used to activate neurons and alter their growth. In these studies, the application of a magnetic field-initiated neurite outgrowth of chick embryo neurons decorated with MNPs functionalized with anti-β integrin antibodies (Fass and Odde 2003) . In the same study, Fass and Odde showed that the effects of the force were dependent on the rate that the increased force was applied. When the force was applied gradually, neurite outgrowth increased but rapid increases in force inhibited the neurons and reduced neurite outgrowth. Other studies have shown that application of a mechanical force in the low piconewton range to cultured neurons with internalized MNPs can lead to redistribution of the intracellular tau protein. Furthermore, as the applied force increased, the polarity of the tau protein was reorganized (<70 pN) (Kunze et al. 2015) , eventually leading to displacement of cells. Magnetic fields and MNPs have been used to manipulate organelles to modify cell activity. MNPs targeted to tropomyosin receptor kinase B (TrkB)-signaling endosomes were used to move the endosomes away from growth cones using an applied magnetic field in retinal ganglion cells and this was sufficient to stop neurite outgrowth (Steketee et al. 2011 ).
Aggregation to Activate Cell Signaling
Magnetic fields can also be used to aggregate MNPs to regulate cell activity. This relies on the fact that in the presence of a magnetic field, dipole-dipole interactions between the nanoparticles result in clustering. Thus, if the MNPs are tethered to cell-surface receptors, the magnetic field can induce the clustering or oligomerization of cell-surface receptors, in turn activating signaling. Several studies have applied this approach to regulate cell function. In immune cells, Perica et al. (2014) used iron-dextran MNPs coated with a chimeric major histocompatibility complex-IgG dimer and anti-CD28
antibody to stimulate T-cell receptors. Incubating T cells with functionalized MNPs in the presence of a magnetic field significantly increased T-cell receptor aggregation. Application of a magnetic field to MNP-coated T cells transferred into mice with a subcutaneous B16 melanoma tumor, decreased tumor growth by eight-to tenfold and increased survival compared with control animals. Mannix et al. (2008) used a similar method for mast cell activation. Mast cells were preincubated with IgE to dinitrophenyl (DNP) and thus presented anti-DNP on their cell surface. When the primed mast cells were incubated with MNP functionalized with increasing amounts of DNP-Lys (1, 3, or 30 copies per particle), there was a dose-dependent increase in intracellular calcium. MNPs functionalized with just one DNP per particle bound to the mast cell surface but did not increase intracellular calcium. However, in the presence of a magnetic field, clustering of the cell-surface-bound MNPs resulted in receptor oligomerization and increased intracellular calcium. Treatment with a pulsatile magnetic field also produced an oscillating pattern of intracellular calcium.
Magnetic particles and applied magnetic fields have also been used to regulate apoptosis (Cho et al. 2012) . Cancer cells express the DR4 death receptor at high levels and MNPs conjugated to anti-DR4 antibodies led to DR4 clustering that in turn activated caspase-8 and caspase-3, leading to cell death in the presence of a magnetic field. The extent of apoptosis was proportional to magnetic field strength and treatment time but not field direction. This system was also tested in vivo in zebrafish by targeting MNPs to the ovarian tumor necrosis factor (TNF) receptor in single-cell embryos. Magnetic field treatment led to induction of apoptosis and morphological deformities in the zebrafish embryos that received ovarian TNF-receptortargeted MNPs but not in embryos without MNPs targeted to the ovarian TNF receptor.
THERMAL EFFECTS OF EXTERNAL MAGNETIC PARTICLES
Magnetic fields can also be used to generate a temperature increase adjacent to MNPs. MNPs This is a free sample of content from Bioelectronic Medicine.
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with defined composition, size, and geometry will heat in an oscillating magnetic field. This local temperature change can then be transduced into a cell signal via effects on temperature-responsive proteins, in particular TRP ion channels. Initial studies targeted streptavidinfunctionalized MNPs to human embryonic kidney (HEK) cells coexpressing a biotinylated acceptor protein (at the cell surface) and the multimodal ion channel, transient receptor potential cation channel subfamily V, member 1, TRPV1. In these cells, a magnetic field induced increased intracellular calcium in vitro. Targeting the MNPs to temperature-sensing neurons in Caenorhabditis elegans also induced avoidance behavior via activation of an endogenous temperature-sensing pathway (Huang et al. 2010) . Subsequent studies used an His-tagged TRPV1 channel and MNPs functionalized with antiHis. Exposure of HEK cells expressing Histagged TRPV1 and decorated with anti-His MNP to an oscillating magnetic field (465 kHz) increased intracellular calcium and this was blocked by a TRP channel antagonist, ruthenium red. The increased calcium signal was then used to regulate a synthetic calcium-dependent response element upstream of an insulin complementary DNA (cDNA). Using this technique, magnetic fields were used to regulate calcium entry and calcium-dependent insulin gene expression in vivo after implantation of MNP-decorated cells. Exposure of the cells to a magnetic field, in turn, increased insulin production and release so lowered blood glucose in mice (Stanley et al. 2012) . Chen et al. (2015) applied a similar system to induce neural activation in mice. This system combined MNPs that were functionalized to prevent endocytosis with cells transduced with TRPV1 that were activated with an oscillating magnetic field. However, in this study, the MNPs were not directly targeted to TRPV1 but rather were injected in proximity to the TRPV1-expressing neurons. Even when the MNPs were in proximity to the cells, an oscillating magnetic field-induced action potential in TRPV1-expressing hippocampal neurons in vitro. In vivo, local central nervous system (CNS) injection of MNPs into the ventral tegmental area induced c-fos expression, a marker of neural activity, in cells transduced with TRPV1.
More recently, Munshi et al. (2017) have refined the use of MNPs for thermal activation of neurons. MNPs were functionalized by conjugation to neutravidin then attached to biotinylated A2B5 antibodies that bind neuronal glycosylated membrane proteins. Treatment of TRPV1-expressing hippocampal neurons significantly increased fluorescence of the calcium indicator, GCaMP6f, with 87% of cultured neurons responding within 5 sec. TRPV1 was transduced into the targeted brain regions in mice using adeno-associated virus or lentiviral delivery and the effects of oscillating magnetic field treatment after injection of the particles were then examined. The combination of TRPV1 expression and MNP delivery to the secondary motor cortex increased locomotion after exposure to a magnetic field. Unilateral TRPV1 expression and MNP injection into caudate putamen caused circling in mice with magnetic field treatment, whereas activation of the deeper striatum led to freezing behavior. These behaviors were rapid (within 15 sec to 20 sec) and repeatable without any evidence of cell damage.
In aggregate, these studies show that external MNPs combined with static or oscillating magnetic fields have the ability to regulate cell activity through several mechanisms: mechanical forces, receptor activation by regulated oligomerization, or thermal effects. Functionalized MNPs can be directed to defined cell-surface markers (either endogenously expressed or genetically introduced) and to specific intracellular components allowing highly targeted modulation of function. Further work is needed to examine how long functionalized MNPs remain associated with their target in defined tissues but it is likely that repeated MNP administration will be needed for prolonged or repeated in vivo use. For some cell populations such as those in the CNS, the requirement for repeated intracranial injections could limit the application of these technologies. Thus, the use of external nanoparticles would be enhanced by the use of materials that were not degraded and could stably and durably induce cellular responses without the need for repeated injec- tions. An alternative approach to achieve durability of the response would be to use genetically encoded nanoparticles that are continually produced within the target cell thus obviating the need for repeated nanoparticle injection.
GENETICALLY ENCODED PARTICLES
Many different metals are components of enzymes and other biologic systems and several organisms are also capable of synthesizing complex structures from inorganic materials. Magnetotactic bacteria synthesize magnetite nanoparticles that align to the magnetic field (Uebe and Schuler 2016). Other organisms, such as earthworms, reduce toxic metals and the enzymes that catalyze these reactions can be exploited to generate luminescent nanoparticles (Sturzenbaum et al. 2013) .
Although magnetite has been reported to be present in some mammalian tissues, this finding is somewhat controversial and the putative synthesis pathway remains unclear. However, almost all mammalian cells have intracellular stores of metals, in particular, iron, which is a key component of the respiratory chain in mitochondria. However, iron oxidation by the Fenton reaction can lead to extremely toxic metabolites and it is thus necessary to sequester iron. Among nearly all organisms other than yeast, iron is sequestered by ferritin, specialized proteins that form a protein shell around a core of different molecular forms of iron. In general, they sequester Fe(II), preventing conversion to Fe(III), which also produces free radicals. In the presence of iron, these proteins spontaneously form intracellular nanoparticles comprised primarily of iron oxides (Theil 2013) .
The tertiary structure of ferritin is conserved across many species and is comprised of 24 protein subunits that self-assemble into dimers and then into a protein cage with an outer diameter of ∼12 nm and inner cavity of 7 nm to 8 nm. The cavity is then filled with an iron oxide core, although other less well-characterized molecular forms of iron, including ferric iron, are also present in variable amounts. The protein shell in mammals is a heteromer of ferritin heavy chains (ferritin-H) and ferritin light chains (ferritin-L).
The heavy chain binds and oxidizes ferrous ions, while the light chain provides the nucleation site in the protein cage. The ratio of heavy-to lightchain ferritins varies between organisms and between tissues. The subunit proteins form a four-helix bundle with a left-handed twist and are arranged in 12 antiparallel pairs to make a rhombic dodecahedron structure. Iron likely enters the shell via channels at the threefold axis and the ferroxidase activity of the H chain catalyzes the oxidation of two Fe(II) ions with the intermediate production of H 2 O 2 . The light chain accelerates iron transport and may generate a more ordered iron oxide core (Bradley et al. 2014; Mehlenbacher et al. 2017 ).
The precise structure of native ferrihydrite core is variable depending on a variety of cellular conditions and thus remains unclear. The iron content of the ferritin core is variable but can be up to 4500 iron atoms. The core is typically described as hydrated ferric oxide (5Fe 2 O 3 ·9H 2 O) (for a review, see Jutz et al. 2015) . However, the magnetic properties, structure, and reactivity depend on the iron loading, size, and the ferritin protein shell. The most commonly studied ferritin, horse spleen ferritin, is 90% ferritin-L subunits. Studies examining the structure of the iron oxide particle in horse spleen ferritin as the number of iron atoms is gradually and controllably reduced suggest a polyphasic structure (Galvez et al. 2008) . Using transmission electron microscopy (TEM), X-ray absorption near-edge spectroscopy (XANES), electron energy-loss spectroscopy (EELS), small-angle X-ray scattering (SAXS), and superconducting quantum interference device (SQUID) magnetic measurements, Galvez et al. concluded that there is a ferrihydrite core with magnetite shell. Because the ferrihydrite is more labile as the iron content decreases, the ferrihydrite core is removed and the magnetite shell remains and thus the particle size does not change. Other studies (Pan et al. 2009 ) also suggest a particle of constant diameter with variable iron density and central crystalline domains surrounded by more disordered material.
Although the magnetic properties of ferritin are likely to vary between species, tissues, and with iron loading, numerous studies have shown This is a free sample of content from Bioelectronic Medicine.
that cells that overexpress ferritin are affected by magnetic fields. Viral and transgenic overexpression of ferritin has been used as an MRI contrast agent in vitro and in vivo (Iordanova et al. 2010) . Cells engineered to overexpress human ferritin heavy chain and divalent metal ion transferase 1 showed superparamagnetic properties allowing them to be separated from unmodified cells by a magnetic field . HEK cells overexpressing a ferritin chimeric peptide also move toward a magnetic field (Stanley et al. 2015) . Finally, recent studies have used transfected or endogenous ferritin expression to target intracellularly generated iron nanoparticles to multimodal ion channels and shown a change in ion flux and cell activity when the engineered cells are exposed to a magnetic field.
The methods using genetically encoded nanoparticles for cell modulation generally have three components: (1) a signal in the form of a static or oscillating magnetic field; (2) iron nanoparticles surrounded by a shell of ferritin; and (3) a modified multimodal ion channel, TRPV1 or TRPV4. When a magnetic field is applied, energy is absorbed by iron within the ferritin shell and transferred to a tethered ion channel, which opens allowing ion entry into cells. Depending on the ionic selectivity of the channel, ion entry can activate or silence the targeted cells. This method has been validated in several papers some of which used a modified form of the multimodal cation channel, TRPV1. This channel is temperature responsive with a threshold of approximately 42°C but also responds to other stimuli such as pH, chemical agonists (e.g., capsaicin), and possibly mechanical stimulation (Caterina et al. 1997) . TRPV1 can be modified to interact with ferritin indirectly or directly. In one system (Stanley et al. 2015 (Stanley et al. , 2016 , TRPV1 was tethered to ferritin by fusion of the channel to an anti-green fluorescent protein (GFP) nanobody in combination with overexpression of a GFP-tagged ferritin chimera. The GFP ferritin construct co-expressed the heavy and light chains with a 1:1 ratio and cells expressing this light:heavy chain ratio have been shown to have increased iron loading (Iordanova et al. 2010) . Oscillating or magnetic field treatment of HEK cells, stem cells, or neuronal cell lines expressing TRVP1 tethered to ferritin show increased intracellular calcium, phosphorylation of cyclic AMP response element-binding protein and cfos expression in a TRPV1-dependent manner. In patch clamp recordings, neurons expressing the anti-GFP-TRPV1/GFP-ferritin constructs are depolarized and show an increased firing rate in ex vivo brain slices in a magnetic field. The field also induces an inward current in voltage clamp. Cells expressing a mutant form of TRPV1 engineered to gate chloride rather than calcium and sodium show an opposite effect on neural firing and outward rather than inward currents in response to a magnetic field. These studies confirm that the observed responses are TRPV1 dependent. These findings are consistent with those from a separate set of studies showing depolarization and activation of neurons expressing TRPV4 fused in frame to ferritin light and heavy chains (see below and Wheeler et al. 2016) .
In vivo studies have confirmed the ability of ferritin tethered to TRPV1 to activate neurons. Oscillating or gradient magnetic field treatment of mice with adenoviral expression of anti-GFP-TRPV1/GFP-ferritin in glucose-sensing neurons of the ventromedial hypothalamus increased blood glucose with a similar time course and to a similar extent to optogenetic stimulation of the same neural population. The increased glucose was a result of elevated glucagon secretion and a reduction of insulin secretion. Gradient magnetic field treatment of ventromedial hypothalamus glucose-sensing neurons expressing anti-GFP-TRPV1/GFP-ferritin also increased food intake in freely moving mice to a similar extent as optogenetic stimulation of these neurons. These studies also showed the glucose response was proportional to the strength of the applied magnetic field so this technique can be used to generate a graded response.
The TRPV4-ferritin fusion construct was also tested in vivo (Wheeler et al. 2016) . The activity of this channel is also temperature dependent, with a threshold of 33°C (Guler et al. 2002) but the channel also responds to osmotic stimuli and agonist treatment. In this system, the ferritin chimeric peptide is directly fused to the carboxy-terminal of a truncated version of TRPV4 (TRPV4 Δ760−871 ), a construct named Magneto 2.0. Magnet treatment of HEK cells expressing Magneto 2.0 increased intracellular calcium in a TRPV4-dependent manner. Magnet treatment of excitatory neurons expressing Magneto 2.0 in the entorhinal cortex increased firing rate in ex vivo brain slices. In vivo, Magneto 2.0 was first expressed in the sensory neurons of zebrafish. Magnet treatment of these neurons increased intracellular calcium and induced coiling behavior, which was absent in wild-type fish or when TRPV4 was not fused to ferritin. Magneto 2.0 was also used to regulate cell activity in mice. When the construct was expressed in striatal dopamine receptor 1-expressing neurons, neurons that are known to be involved in reward behavior, mice showed greater preference for the region of a chamber treated with a magnetic field. The ability of the Magneto 2.0 construct to regulate cell activity in vitro has also been confirmed by other investigators (Duret et al. 2017) .
Magnetic gating of ion channels has also been shown by inserting a ferritin-binding motif into TRP channels, which then tethers the channel to endogenous ferritin (Hutson et al. 2017) . Hutson et al. showed that temperature-induced activation of TRPV1 or TRPV4 in chick embryos resulted in cardiac and craniofacial defects. They then used remote magnetic activation of TRPV channels to replicate the effect of elevated temperature. To do so, they generated carboxyterminal fusions of TRPV1 or TRPV4 to the ferritin-binding domain 5 (D5) of kininogen-1 to bind endogenously expressed ferritin (TRPV1 FeRIC or TRPV4 FeRIC , respectively). Oscillating magnetic field treatment (175 MHz, 36 uT) of HEK cells expressing these constructs increased fluorescence of the calcium indicator; GCaMP6 and the calcium changes were blunted by TRPV1 or V4 antagonists or with CRISPR/ Cas9 deletion of endogenous ferritin heavy chain. When TRPV1 FeRIC or TRPV4 FeRIC were electroporated into chick neural crest cells and then treated with an oscillating magnetic field, they observed an increase in structural heart and craniofacial defects, phenocopying the effects of temperature activation of these cells. TRPV1 tethered to ferritin has also been used to regulate cell activity and transgene expression in a peripheral tissue (Stanley et al. 2015) . Expression of anti-GFP-TRPV1/GFPferritin was combined with expression of a bioengineered insulin gene under the control of a calcium-dependent promoter in HEK cells. Oscillating or intermittent magnetic field treatment increased intracellular calcium and the release of proinsulin. When the constructs were expressed in the livers of diabetic mice, oscillating or intermittent magnetic field treatment of these mice increased plasma insulin and reduced blood glucose. In another demonstration of cell regulation in peripheral tissues, the anti-GFP-TRPV1/GFP-ferritin system was also used for magnetic field-regulated cell migration. Mosabbir and Truong (2018) showed a magnetic field-dependent increase in intracellular calcium in a stable HEK cell line expressing anti-GFP-TRPV1/GFP-ferritin and the red calcium indicator, RCaMP. Next, they combined stable expression of anti-GFP-TRPV1/GFP-ferritin with expression of calcium-dependent Rho-A in HEK cells to regulate cell migration. Magnetic field treatment of these stably expressing cells increased cell protrusions. In addition, magnetic field treatment of cells stably expressing anti-GFP-TRPV1/GFP-ferritin with a calciumdependent Rho-A promoted wound healing in an in vitro assay. The direction of cell growth could also be controlled by the magnetic field.
The system for magnetic control of cells expressing ion channel-ferritin complexes can also be used to inhibit cell activity. Mutation of an amino acid in the pore region of TRPM2 and TRPM8 (Kuhn et al. 2007 ) altered the ionic selectivity of these channels from cations to anions and an equivalent mutation in TRPV1 (TRPV1 Mutant ) also changed the ionic selectivity to anions (Stanley et al. 2016) . HEK or neural cells expressing anti-GFP-TRPV1
Mutant /GFPferritin show increased fluorescence of a chloride indicator, MQAE, and as described above, in ex vivo brain slices, electrophysiological recordings from magnet-treated cells expressing anti-GFP-TRPV1
Mutant /GFP-ferritin show hyperpolarization and silencing of neural activity in response to a magnetic field. This construct Cite this article as Cold Spring Harb Perspect Med doi: 10.1101/cshperspect.a034322
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was then introduced into the glucose-sensing neurons of the ventromedial hypothalamus in mice and magnet treatment of these mice decreased blood glucose and suppressed feeding, effects that were the opposite of those seen when the same neural population was activated. The mechanisms by which magnetic fields interact with ion channel-ferritin constructs to regulate cell activity remain unclear. Theoretical calculations (Meister 2016) suggest that static or oscillating magnetic fields acting on ferritin would not generate sufficient mechanical force or heat to open the associated channel via classical mechanisms. However, recent theoretical work supported by experimental findings suggest an alternative mechanism based on the magnetocaloric effect (Duret et al. 2017) . Duret et al. propose that in the absence of a magnetic field, the magnetic moments in ferritin are orientated in a random fashion and therefore have high magnetic entropy. However, in the presence of a magnetic field, the moments align with the field and reduce magnetic entropy. To compensate for the loss of magnetic entropy, molecular vibrations increase, resulting in heat production. Duret et al. calculated that the temperature change would be sufficient to increase the probability of TRPV1 or TRPV4 channel opening and would open approximately one in ten expressed channels. Because the conductance of TRP channels is relatively high (TRPV1 95-103 picosiemens [Cheng et al. 2012] , TRPV4 60 picosiemens [Strotmann et al. 2000 ]) compared with channelrhoposin (50 femtosiemens [Nagel et al. 2003 ]), opening this proportion of channels in a neuron or HEK cell would lead to detectable calcium influx and depolarization. Supporting their theoretical calculations, Duret et al. (2017) show that the calcium response to magnetic field treatment is lost in cells expressing a temperature-insensitive TRPV4-ferritin construct. Similarly, Hutson et al. (2017) show that the calcium response to oscillating magnetic field treatment is also lost in cells expressing a temperature-insensitive TRPV1 fused to a ferritin-binding domain. Although this mechanism is plausible, additional magnetomechanical and magnetothermal mechanisms of ion channel activation by ironloaded ferritin are under consideration (M Barbic, in prep.) . Those include the cluster-paramagnetic magnetocaloric effect in iron-loaded ferritin, diamagnetic strain on the TRP channels caused by the magnetic fields and magnetic field gradients from the iron-loaded ferritin, the effect of rapidly fluctuating magnetic fields from the iron-loaded ferritin on the TRP channels, and additional thermal relaxation mechanisms in iron-loaded ferritin that has previously not been considered, such as the Einstein-de Haas thermal relaxation mode (M Barbic, in prep.) . Many of such proposed magnetic-based physical mechanisms that might influence TRP ion channels will remain challenging to theoretically evaluate until the proper chemical, structural, and magnetic spin structure analysis of iron within the ferritin protein is properly performed experimentally on a single-particle-protein level (M Barbic, pers. comm.) .
CLINICAL IMPLICATIONS AND FUTURE CONSIDERATIONS
The electromagnetic regulation of cellular activity in vivo has numerous potential clinical applications in the field of bioelectronic medicine. There are also some challenges that would need to be overcome, especially for modulation of the activity of deeper structures in the CNS. Currently, neural stimulation by deep brain stimulation is used for many clinical indications and in a range of anatomical sites, from peripheral nerves to the CNS. Nerve stimulation is often invasive, requiring a permanent implant that can become infected or sclerose and so lose activity over time. These procedures often require special expertise and sophisticated equipment, which restricts patient access to a limited number of centers. Finally, the invasive nature means most implants are limited to a single site or adjacent regions. Noninvasive regulation of neural activity using electromagnetic fields could, in theory, allow modulation of multiple sites in a circuit without the need for implants.
A principal obstacle to the implementation of this method in clinical settings will be the delivery of the constructs into cells and the subsequent generation of a sufficiently strong magnetic field locally to activate cells. Many of the other components, however, are already in clinical usage. Iron oxide nanoparticles have been approved by the Food and Drug Administration (FDA) as treatments for iron deficiency in select renal failure patients (Provenzano et al. 2009 ). The use of functionalized particles targeted to neuronal membrane proteins may allow anatomically targeted cell regulation in clinical settings without the need to express additional tags or proteins in target cells. However, as mentioned, the durability of these external particles has not been determined in clinical studies and further work would be needed to determine how long these exogenous particles remain bound to the cell membrane.
The alternative approach using modified ion channels and genetically encoded nanoparticles would not need repeated nanoparticle administration but would need to use gene therapy to deliver a neuromodulatory construct in vivo. However, gene delivery into cells ex vivo is already in common usage in Car-T cells and magnetic modulation of cell activity of the reintroduced cells is possible. Ion flux has been shown to modulate immune cell function (Ohhora and Rao 2008; Cahalan and Chandy 2009), and, in principle, magnetic gating of channels could be used to either activate immune cells or reduce their activity such as to quell cytokine storms. However, further studies are needed to confirm the effects of magnetic gating of channels on immune cell function. In addition, means for delivering a sufficiently strong field to gate the channel in vivo would need to be developed.
As mentioned, the application of magnetogenetic technologies for neurologic disorders would require that the channel and ferritin constructs (or a ferritin-binding motif ) be delivered to neurons in vivo. A number of gene therapies have now been approved in Europe (Touchot and Flume 2017) and the United States (Dias et al. 2018 ) and many clinical trials (from phase I to phase III) are underway to test the safety and efficacy of other therapies (Ginn et al. 2013) . Most of these approaches use viral vectors such as adeno-associated virus. Recent advances in adeno-associated virus technology could allow CNS transduction following peripheral injection (Chan et al. 2017 ) and offer the promise of cell-type-specific targeting using specific viral capsid proteins (Buning et al. 2015) or cell-typespecific promoters (Kim et al. 2015) .
Approaches using exogenous or endogenous particles will require devices to generate electromagnetic fields, typically at millitesla field strengths. This field strength is orders of magnitude higher than those sensed by birds, which are in the microtesla range (Wiltschko and Wiltschko 2012) . A range of devices would likely be needed, depending on whether these will be patient or clinician administered, as well as the anatomical site and the duration of treatment that is required. For example, devices for superficial sites, such as modulation of peripheral nerves to treat pain, would need to be lightweight, rechargeable, and easy to use. These devices could be readily developed with existing technology or perhaps even employ strong handheld magnets. Therefore, applications targeting peripheral nerves or autonomic ganglia, for example, to treat pain or regulate bladder function, are likely to be feasible and offer the possibility of rapid, regulated control of nerve function. However, generating sufficient electromagnetic fields for deep structures, such as the subthalamic nucleus currently targeted in Parkinson's disease by deep brain stimulation (Antonini et al. 2018) , is more challenging. Larger power sources (likely >1000 W) are needed to generate millitesla magnetic fields at this depth and, while these are feasible for fixed devices, they are not yet possible for wearable devices. Instruments capable of delivering strong magnetic fields are already approved and in clinical usage for the treatment of depression using TMS. TMS can deliver a brief, focal magnetic field of 1.5 T in superficial brain regions (Perera et al. 2016 ) but TMS devices are large, fixed, and are suitable only for intermittent use. However, TMS devices require significantly higher power than a magnetic stimulation device would need as TMS needs to deliver higher peak voltages and currents to generate a short duration pulse. Thus, technological innovations in both construct delivery and electromagnetic devices will be necessary to develop clinical applications for electromagnetic cell regulation, especially for structures that are deeper in the brain.
Finally, the ability to modulate neural activity in deeper brain regions will likely require that more sensitive magnetogenetic methods, modulated at a lower field strength, be developed. Although theoretical analyses and experimental data support a magnetocaloric mechanism, the precise means by which energy is transduced from ferritin to the channel is still under investigation. A fuller understanding of the operative mechanism might thus enable the development of more efficient systems that require lower field strengths. Indeed, it is possible that more than one mechanism contributes in an additive or some other manner. Thus, a theoretical explanation of the empirical data from several different groups may provide insights into a heretofore unexplored mechanism. Richard Feynman stated "Progress in science comes when experiments contradict theory." Thus, in addition to its practical implications, the elucidation of the mechanism by which ferritin can gate ion channels in a magnetic field may also provide new vistas into the physical world.
CONCLUDING REMARKS
Electromagnetic regulation of cell activity has been used for many decades to investigate physiological functions in vitro and in vivo. There are many advantages to using electromagnetic signals to regulate cell function. The signal can be applied remotely (even in vivo), switched on and off rapidly, quickly titrated to produce a graded response, and can modulate cell function over a wide range of scales from a fraction of a cell to whole animals. For many studies, strong rare earth magnets or simple electromagnets are sufficient to control cell activity. In addition, with defined nanoparticle composition and functionalization, these tools can target specific cellular proteins and generate a variety of stimuli from thermal effects to activation of intracellular signaling pathways. The size, composition, and target of external nanoparticles can be carefully tailored to the required application but these may need to be given repeatedly to investigate biological processes in vivo. Recent studies have shown that genetically encoded nanoparticles can effectively modulate cell activity. As we learn more about the chemical composition and crystal structure of iron oxide nanoparticles generated in ferritin and how these interact with magnetic fields, it should be possible to engineer a wider range and better tools for cell regulation. A number of studies have already used directed evolution to generate mutant ferritins, producing nanoparticles that confer increased cellular magnetization (Matsumoto et al. 2015; Liu et al. 2016) . Similarly, modifications to the multimodal channels binding ferritin and testing additional ion channels should extend the available tools for cell modulation. In combination with technologies for tracing neural circuits and in vivo imaging, electromagnetic tools to remotely regulate cell activity allow us to investigate the physiological roles of specific cells and pathways in health and disease. With time, these technologies may form the basis for novel forms of bioelectronic medical therapies.
